Metazoan cells are exposed to a multitude of signals, which they integrate to determine appropriate developmental or physiological responses. Although the Hippo pathway was only discovered recently, and our knowledge of Hippo signal transduction is far from complete, a wealth of interconnections amongst Hippo and other signaling pathways have already been identified. Hippo signaling is particularly important for growth control, and I describe how integration of Hippo and other pathways contributes to regulation of organ growth. Molecular links between Hippo signaling and other signal transduction pathways are summarized. Different types of mechanisms for signal integration are described, and examples of how the complex interconnections between pathways are used to guide developmental and physiological growth responses are discussed. Features of Hippo signaling appear to make it particularly well suited to signal integration, including its responsiveness to cell-cell contact and the mediation of its transcriptional output by transcriptional co-activator proteins that can interact with transcription factors of other pathways.
1.
Introduction 
Introduction: integration of intercellular signaling
Virtually all signaling pathways are integrated at some level, and biologists increasingly realize that we must consider webs of interconnected signaling networks rather than simple linear pathways. The interconnection of signaling pathways enables cells to integrate the different kinds of information they receive, such as relative position, developmental stage, and nutritional status. This integration can take a simple hierarchical form, for example when one pathway regulates the production of a ligand for another, or can involve deeper and more complex interconnections.
Interconnection with other pathways appears to be a particularly prominent feature of the Hippo pathway. One important role for this is to enable cells to integrate the information provided by Hippo signaling, which is often related to cell contact or cell polarity, together with that provided by other pathways, such as positional information from BMP signaling. However, interconnections between Hippo and other pathways have been identified at many different levels, and they serve to modulate an everincreasing variety of developmental and physiological responses. As these interconnections have been most intensively studied in Drosophila, where Hippo signaling was first discovered, I focus on this model system, but also include examples from other organisms.
Hippo, a conserved pathway for growth control
At its most basic, the Hippo pathway is, like many other pathways, a signal transduction pathway that conveys signals perceived at the plasma membrane to a transcriptional response in the nucleus (Fig. 1) . In many (though not all) cases, the transcriptional output of the pathway appears to be directed toward the regulation of organ growth, and consequently Hippo signaling has major roles in developmental growth control, and its dysregulation has been linked to a number of cancers. As these roles of the Hippo pathway, together with its basic mechanics, have been discussed extensively in recent reviews [1] [2] [3] , and in other articles of this issue, only a brief outline of the pathway is provided here.
Some individual components of Hippo signaling were first discovered years (e.g. Yap, Warts) [4] [5] [6] , or even decades (e.g. Fat, Dachs) [7, 8] before the term Hippo signaling was coined, but it is only within the last decade that the interconnectedness of these components into a conserved intercellular signaling pathway has become appreciated [1] [2] [3] . At the core of both the discovery of the pathway and its signal transduction mechanism is a conserved kinase cascade, in which the protein kinase Hippo (Mst1,2 in vertebrates) promotes activation of the protein kinase Warts (Lats1,2 in vertebrates). This is achieved by Hippo directly phosphorylating Warts, and two additional components of the core kinase cassette: Mob as tumor suppressor (Mats, Mobkl1a,b in vertebrates) and Salvador (Sav, WW45 in vertebrates) [9, 10] . Warts kinase can then negatively regulate a transcriptional co-activator protein, Yorkie (Yki, Yap and Taz in vertabrates) [11] , mainly by phosphorylating it to promote its cytoplasmic retention through 14-3-3 binding [12] [13] [14] [15] [16] [17] .
Upstream and downstream of this conserved kinase cassette, the pathway becomes more complex, as there is a considerable diversity of upstream regulatory inputs. In Drosophila, three transmembrane receptor proteins have so far been identified as Hippo pathway receptors: Fat, Crumbs, and Echinoid [18] [19] [20] [21] [22] [23] [24] [25] [26] . Other upstream inputs whose regulation is less well understood have also been described in Drosophila, including regulation dependent upon Merlin, Lethal giant larvae, and Jun kinase (Jnk) [19, 23, [27] [28] [29] [30] . There is also a surprising diversity amongst the upstream regulatory inputs into the pathway between phyla. Merlin is a conserved regulator between Drosophila and vertebrates, which at least in vertebrates plays a crucial role in contact-dependent inhibition of cell proliferation through affects on Hippo signaling [13, [31] [32] [33] . However, in vertebrates components of the E-cadherin/alpha-catenin complex are Hippo pathway regulators [34, 35] , and an equivalent role in Drosophila has not yet been described. Conversely, components of the Fat branch of the Hippo pathway have been identified in vertebrates, but do not appear to have significant effects on the Hippo pathway in these species, at least in most tissues [36] [37] [38] . Nonetheless, a common theme has emerged in which most regulators of Hippo signaling are associated with cell-cell junctions, and thus well positioned to inform cells about cell polarity and cell density, which thus have major influences on Hippo activity.
One feature of Hippo signaling that provides significant potential for signal integration concerns the nature of the transcriptional output of the pathway. This is provided by a transcriptional coactivator protein (Yorkie in Drosophila, Yap and Taz in vertebrates) rather than a DNA-binding protein [11] . Thus, interaction with other proteins is intrinsically required for regulation of downstream transcriptional targets. Moreover, Yki/Yap/Taz co-activators have been found to be able to associate with multiple, distinct DNAbinding partners [39, 40] . The major partner for Yki/Yap/Taz appears to be Scalloped in Drosophila, and its homologues the Tead/TEF proteins in vertebrates [16, [41] [42] [43] [44] [45] . However, a number of additional DNA-binding partners have also been identified, including some that are regulated by other signaling pathways, such as the Smad proteins [46] [47] [48] [49] , which are transcription factors of TGF-␤ related pathways [50] .
Regulation of other pathways by Hippo signaling
While integration between signaling pathways can occur at almost any level, conceptually one of the simplest forms is when one pathway regulates the amount of signal perceived by another, for example, by regulating the production of a ligand for that pathway. In most contexts, the main targets of Yki/Yap/Taz activity appear to be promoters of organ growth. These include a number of direct, autonomous promoters of cellular growth. However, a significant part of the growth regulating activity of Hippo appears to derive from regulation of secreted growth factors that activate other pathways.
An early example of this was the regulation of the Drosophila Wnt ligand Wingless (Wg) in the proximal part of the developing wing [19, 51] . Wg acts as a mitogen here, promoting proximal wing growth [52] , and this regulation of Wg contributes significantly to upregulation of growth associated with certain Hippo pathway mutants [51] . Another example from Drosophila is the upregulation of Serrate, a ligand for the Notch pathway, which promotes leg growth [53, 54] . Drosophila Hippo signaling has also been linked to regulation of glypicans, which play a prominent role in modulating signaling by several classes of secreted growth factors [55] . Finally, a striking recent example of growth promotion by Drosophila Hippo signaling through regulation of other pathways has come from studies of the adult intestine.
The Drosophila intestine is maintained by intestinal stem cells (ISCs) and has a simple architecture comprising four basic cell types: ISCs, undifferentiated progenitors, and two types of differentiated cells [56, 57] . The differentiated cells are continuously lost at a low rate, but are replaced from the ISCs, which are the only cells that proliferate. In response to infection or injury, ISC proliferation is increased to facilitate repair [58] [59] [60] . This increased proliferation is mediated through the Hippo pathway, but the effect of Hippo signaling is at least mostly non-autonomous: infection or damage of the non-proliferating differentiated cells leads to activation of Yki, which then promotes the expression of cytokines that are secreted from these cells, and which stimulate the proliferation of nearby ISCs [28, 30, 61, 62] . These cytokines include multiple ligands for the Jak-Stat pathway (Unpaired proteins), and also ligands for the EGFR pathway. The characterization of the central role of non-autonomous effects of Hippo signaling in controlling ISC proliferation emphasizes the importance of regulation of other pathways to growth control by Hippo signaling.
Activation of secreted ligands for other pathways has also been linked to growth regulation by vertebrate Hippo pathways. One prominent example is the regulation of amphiregulin, a mammalian EGFR ligand, by Yap within breast epithelial and adenocarcinoma cells [63, 64] . This upregulation of amphiregulin is essential to the ability of Yap to transform these cells. Another major growth factor target of Hippo signaling in mammalian cells is Connective Tissue Growth Factor (CTGF, also known as CCN2) [15, 43] . Regulation of CTGF by Yap/Taz appears to be widespread amongst many different cell types, and consequently its expression is often now used as a marker of Hippo pathway activity. CTGF has diverse roles, including links to tissue repair and carcinogenesis [65] , which could contribute to Hippo pathway influences on growth in vertebrates. Other examples of Hippo regulating other pathways have been identified, but the mechanisms by which they are connected are more complex or less well defined. For example, multiple links between Hippo and Notch signaling have been identified during Drosophila oogenesis. During early oogenesis, when Notch is required for polar cell specification [66] , Yki promotes Notch activity, and thereby influences polar cell fate [67] . Later in oogenesis, when Notch influences gene expression within main body follicle cells, and their transition from a mitotic to an endoreplicative cell cycle, Yki inhibits Notch activity; consequently mutations in upstream negative regulators of Yki like warts result in phenotypes that resemble those of Notch mutations [68] [69] [70] . Yki affects endocytic trafficking and the levels of Notch protein at the apical membrane in these cells, but whether this accounts for the observed effects on Notch signaling is unknown. Hippo pathway mutations can also affect levels of apical membrane proteins in imaginal discs, including several transmembrane receptors [71] , and moreover can influence the size of the apical membrane, but this effect appears to be distinct from its effects on growth [72, 73] .
Regulation of Hippo signaling by other pathways

Regulation of Fat-Hippo signaling by morphogen gradients
Hippo pathway regulation is complex, and a number of distinct upstream inputs have been identified. Many of these upstream inputs are related to cell-cell contact, and not directly affected by other pathways. However, one prominent exception to this occurs within the developing Drosophila wing, where the Fat branch of the Hippo pathway is regulated downstream of signaling pathways that organize wing patterning and growth. Fat is a large (over 5000 amino acids) cadherin protein that functions as a receptor for both Hippo signaling, and a genetically separable planar cell polarity (PCP) pathway (reviewed in [74, 75] ). Fat activity is regulated by its ligand, Dachsous (Ds, another large cadherin molecule) and a Golgi-localized kinase, Four-jointed (Fj), which modulates binding between Ds and Fat [19, 51, [76] [77] [78] [79] [80] [81] [82] . A defining feature of Fj and Ds expression is that they are always expressed in complementary gradients. These gradients are then interpreted in a unique fashion: rather than responding simply to the absolute amount of Ds or Fj, the vector of the Ds and Fj expression gradients directs the Fat-PCP pathway [75] , whereas the relative slope of the Ds and Fj expression gradients can influence Fat-Hippo signaling [78, 79, 83] . How these gradients are interpreted is not fully understood, but it appears at least in part to involve the polarized membrane distribution of the myosin protein Dachs [53, 78] , which facilitates interactions between Zyxin and Warts [84] . Since Fat-Hippo pathway activity depends upon the Fj and Ds gradients, it ultimately depends upon the mechanisms that establish their graded expression. In the wing, Fj and Ds expression are influenced by wing patterning signals including Dpp, Wg, and Notch [78] , although at least some of this regulation is mediated through Vestigial (Vg), a transcription factor that is itself regulated by Dpp, Wg, and Notch [85] [86] [87] [88] [89] [90] , and which promotes Fj expression whilst inhibiting Ds expression [51, 83, 91, 92] . However, as Vg is a wing-specific transcription factor [93, 94] , the gradients of Fj and Ds expression that are established in other organs must be established independently of Vg.
In addition to influencing growth within the developing wing, an alternative mechanism by which the graded expression of Fj and Ds could drive wing growth involves recruitment of neighboring, non-wing cells into the developing wing [83, 89] . This can occur through induction of Vg, whose expression defines the future wing blade [93, 94] . It relies on the steep gradients of Fj and Ds expression that occur at the edge of the developing wing, which result in strong activation of Yki through the Fat-Hippo pathway. This Yki activation can act in conjunction with Wg signaling to induce Vg expression in neighboring cells, thereby re-specifying them as wing blade cells [83] .
Whether morphogen gradients influence growth through the Fat-Hippo pathway in other organs and organisms has not been as well characterized, but Fat pathway components do have significant affects on Drosophila leg growth [53, 95] . Moreover, the cricket leg has been established as a model for insect leg regeneration, and a requirement for Fat and Hippo pathway genes has been demonstrated in this system by RNAi [96] . The expression of Fat pathway components, and the results of the authors' manipulations, can be interpreted by a model in which leg regeneration is influenced by the steepness of expression gradients of Fat pathway regulators [96] .
Regulation of Hippo signaling by Jnk and other pathways in regeneration and tumorigenesis
Hippo signaling is also important for regeneration in other contexts. In mammals, Yap activity contributes to intestinal regeneration in a mouse model [97] ; how Yap activity is regulated in this case is not known. Hippo signaling has also been studied in Drosophila for its influence on regenerative growth after tissue damage [28] [29] [30] 61, 62, 98] . In both imaginal discs and in the adult intestine the Jnk pathway plays a crucial role in regulating Yki activity during regeneration, as blocking Jnk activity can prevent Yki activation after tissue damage, and directly activating Jnk is sufficient to stimulate Yki activation [28] [29] [30] . The role of Jnk is complex however, as it also has a pro-apoptotic role [99] , and it is not yet clear how these opposing roles are balanced.
Jnk signaling also regulates Yki activity in certain classes of tumors, but again its effect is complex. Yki is activated within tumors associated with mutation of lethal giant larvae (lgl) [23, 29, 100] , and at least in the wing this requires Jnk activity [29] . However, within tumors associated with mutation of scribble, Jnk has an anti-proliferative, pro-apoptotic role [101] , and down-regulation of Jnk actually increases Yki activation [102] . Presumably, some of the effects of Jnk are indirect, and a better biochemical understanding of how Jnk affects Yki activity is needed.
Other pathways also regulate Yap during tumor formation. For example, Sonic hedgehog (Shh) signaling has been linked to medulloblastoma, and the influence of Shh on neural progenitor proliferation in medulloblastoma depends on Yap [103] , but how Yap is upregulated by Shh is not yet known. In colorectal carcinoma cells, Wnt signaling upregulates Yap levels [104] . This upregulation is not through the Hippo pathway, but instead involves a direct transcriptional upregulation of Yap by transcription factors of the Wnt pathway (␤-catenin and TCF4) [104] .
Integration of Hippo signaling with other pathways
In addition to the upstream-downstream connections between pathways described above, some pathways are even more closely integrated with Hippo signaling. TGF-␤ signaling pathways are intimately connected to Hippo pathways through direct binding of their transcription factors. TGF-␤ signaling influences transcription by regulating the sub-cellular localization of DNA-binding transcription factors of the Smad protein family [50] . Smad proteins can be partners for Yki/Yap/Taz proteins [46] [47] [48] [49] , and, in some cases, such as in the Drosophila wing, contribute to growth regulation by Hippo signaling [49] . The interaction between Yap/Taz proteins and Smad proteins has also been implicated in TGF-␤ signaling functions in some contexts, including mammalian ES cell renewal [47] . Notably, these proteins interact not only in the nucleus, where they can co-regulate downstream genes, but also in the cytoplasm. This cytoplasmic interaction, which has so far only been characterized in mammalian cells, enables Hippo signaling to exert another layer of control on TGF-␤ signaling. When Taz/Yap are cytoplasmic, their interaction with Smads in the cytoplasm restrains TGF-␤ signaling [105] . This results in a cell density-dependent influence on TGF-␤ signaling [105] , as cell density influences Yap/Taz localization through the Hippo pathway [13, 105] .
Hippo also exhibits multiple layers of interaction with Wnt signaling pathways beyond the transcriptional regulation described above. As in TGF-␤ pathways, crucial cytoplasmic interactions between pathway components have been identified. Yap or Taz can interact in the cytoplasm with the transcription factor of canonical Wnt pathways, ␤-catenin, and thereby retain it in the cytoplasm [106] . Taz has also been reported to inhibit Wnt signaling by interacting in the cytoplasm with Dvl, another key component of Wnt pathways [107] . Conversely, under conditions where the Hippo pathway is inactivated, and Yap is able to translocate to the nucleus, Yap can interact with ␤-catenin within the nucleus to promote the expression of Wnt target genes [108] . In the developing heart, this led to elevated cardiomyocyte proliferation [108] . Yki and Wnt also synergize to co-regulate Vg in the Drosophila wing [83] , but the mechanism by which they synergize here has not been determined.
Summary: integration of intercellular signaling in the Hippo pathway
Although interconnections occur between many signaling pathways, integration with other pathways appears to be a particularly prominent feature of Hippo signaling. This can occur at many different levels, and a number of examples of upstream-downstream integration have been described (Fig. 1) . Many of these play important roles in the growth control functions associated with the Hippo pathway. In addition, in some instance, such as for Wnt and TGF-␤ pathways, even tighter integration has been observed, through interactions between the respective transcription factors of these pathways. Biologically, this integration could make sense because these pathways provide different kinds of information. Hippo signaling is often regulated by cell contact or cell density, whereas pathways it interacts with often provide positional information based on the concentrations of secreted protein ligands.
